Abstract-We report on successful synthesis of ZBLAN glass.
transmission in a silica-fluoride-chalcogenide fiber cascade system [12] . The synthesis of fluoride glasses is challenging due to their chemical activity. ZBLAN glasses are very sensitive to moisture even at ambient temperature, which causes degradation of glass on exposure [13] . During synthesis at elevated temperature the fluorine components react with water, producing hydrofluorine acid which evaporates form the batch. The residue oxygen incorporates into the melt, resulting in oxyfluorine materials. Thus melting has to be performed in an inert atmosphere free from oxygen, water and other impurities, which can react with molten glass. Synthesis cannot be performed in sealed silica ampoules like the chalcogenide glasses, neither, due to creation of gaseous SiF 4 . The only known method for ZBLAN melting is to use gold or platinum crucibles. The presence of any impurities will either lead to incorporating them into the glass network or depleted fluorine content in the glass. An insufficient content of fluorine can lead to zirconium reduction and formation of ZrF 3 . This compound is not a glass former thus will be revealed as black impurities.
In this work we investigate the influence of purity of the main component -zirconium tetrafluoride, and the effect of addition of fluorinating agents, such as ammonium bifluoride, xenon difluoride and sulfur hexafluoride, on final glass quality.
Glasses were synthetized using a conventional melt and quench technique. The entire process was performed in a glove box with a nitrogen atmosphere, where oxygen and water contamination was below 5 ppm. For synthesis we used zirconium tetrafluoride with a purity of 99.9% (3N) and 99.999% (5N), the remaining substrates and purities were: BaF 2 -99.999 %, LaF 3 -99.99 %,AlF 3 -99.95+ %, NaF -99.99 %. As an additive for enriching the melted glass with fluorine, various fluorinating agents were used including, NH 4 F 2 99.999%, XeF 2 99.5% and gaseous SF 6 (4.0). Each component was weighed to obtain the desired composition of glass with a final weight of 30 g and then ground in an agate mortar to obtain homogenous powder. Raw materials were then transferred to a platinum crucible covered with a lid and inserted in a cold furnace. During melting at high temperature, the glass was stirred twice by delicate shaking of the crucible. All melting was performed for 6 hours from the insertion of a loaded crucible into the furnace, melting at 850°C, to the final casting onto a preheated brass form. The hot form was transferred to another furnace and the glass was annealed from 280°C down to room temperature at a rate of 0.5°C per minute. A total of 8 glass syntheses were performed with different zirconium tetrafluoride purity and various fluorinating agents. Time and temperature were maintained identical for all melts. Obtained materials differed depending on the used substrates, from a ceramic-like material to glass with a large number of visible, black inclusions, grey colored semitransparent glass to clear, high quality glass. The results of using different XrF 4 purity and fluorinating agents are presented in Table 1 . In case of using 3N zirconium tetrafluoride overall glass quality was poor, even with addition of different fluorinating agents. Glasses were semi-transparent with grey color. Impurities in form of black flakes were also present in the mass. In the case of applying 5N zirconium tetrafluoride, the results were improved. Only in the case of using ammonium bifluoride, the obtained sample had a grey color and contained visible, black impurities. The best results were obtained with using xenon difluoride and sulphur hexafluoride as fluorinating agents. In both cases, the glasses were transparent and free of any impurities determinable with naked eye. Exemplary glass blocks from different synthesis is shown in Fig.1 .
Synthesis conditions of ZBLAN glass for mid-infrared optical components
The optical properties of the developed ZBLAN glass were investigated with transmittance and refractive index measurements. Transmittance for a 2mm thick sample was measured with two spectrophotometers: a Varian Carry 5000 covering wavelengths from 175nm to 3300nm and Bruker IFS 113V with 2 μm÷10 μm coverage. High transmittance of over 80% for a 2mm thick sample of ZBLAN glass is recorded in the range of 300÷6700 nm (Fig. 2) . The transmission tail covers wevevengths up to 8.8μm. The obtain transmission properties are similar to those of prevously reported high quality ZBLAN glass [9] . The phase refractive index was determined by retrieving it from group refractive index measurement in a Michelson interferometer setup [14] . We used an Ocean Optics HL-2000 Halogen lamp as a light source, and Thorlabs CCS200/M and Avantes AvaSpec NIR256-1.7 spectrometers to record interferograms over 200÷1000nm and 1000÷1700nm wavelengths, respectively. The refractive index characteristic, compared to the data taken from [15] , is presented in Fig.3 . The refractive index of ZBLAN glass differs, compared to the literature, due to differences in synthesis parameters, like time and temperature. During synthesis some of the zirconium fluoride can evaporates, which causes changes in the final glass properties. With optimization of synthesis parameters, these changes should be minimal and allow for obtaining identical glasses from melt to melt. We show that with the proposed method, a ZBLAN glass with different material dispersion can be obtained. Since the thermo-physical properties of ZBLAN glasses with various compositions are very similar, they can be jointly thermally processed. Therefore nanostructured microoptical components with various functionalities, such as axicons, microlenses, or diffractive optical components can be obtained with the stack-and-draw approach proposed earlier [16, 17] . In conclusions, we have determined the key conditions for obtaining clear, high quality fluoride, ZBLAN glass. The ultrahigh purity substrates are essential for successful synthesis. Additionally, to obtain clear glass, fluorinating agents have to be also applied. We achieved positive results with xenon difluoride and sulphur hexafluoride. The obtained glass samples exhibited transmittance spanning from 0.2 to 8.0μm, and the refractive index was comparable to that of previously reported fluoride glasses. Such materials are suitable for further processing to midinfrared lenses and photonic crystal fibers.
